INTRODUCTION
One mechanism of post-transcriptional regulation is the rapid decay of messenger RNAs (mRNAs) mediated by AU-rich elements (AREs) in the 3'-untranslated regions (3'-UTR) of corresponding genes and RNA-binding proteins like tristetraprolin (TTP). The Hu family of RNA-binding proteins, related to Drosophila embryonic lethal abnormal visual (ELAV), also bind AREs and stabilizes ARE-containing mRNAs (1) (2) (3) . Hu proteins including HuR (ELAVL1), HuB (ELAVL2 or Hel-N1), HuC (ELAVL3), and HuD (ELAVL4) can bind to AREs of growth-related genes like c-myc, c-jun, and N-myc (4) (5) (6) , and cytokine genes such as vascular epithelial growth factor (VEGF), tumor necrosis factor-alpha (TNFα), and interleukin-2 (IL-2) (4, 7) to stabilize these genes in cancers and inflammatory diseases.
Among Hu proteins, HuB, HuC, and HuD are expressed in neurons (8) . Most studies on these neuron-specific Hu proteins have focused on control of differentiation. The deletion of the Elav gene, a homolog of the Hu family of proteins in Drosophila, leads to the failure of neuronal differentiation and finally to embryonic death (9) . Mouse HuB is expressed in the earliest differentiated neurons, followed by HuD and then HuC (8) . Interestingly, individual Hu family members are expressed in specific neuronal cell types in situ, consistent with a role of each member in a time-and cell type-specific manner (8) .
Overexpression of HuB, HuC, or HuD in PC12 cells, neural crest cells, P19 cells, and in vivo increases the rate of neuronal differentiation (10) . Downregulation of these proteins in neural cell lines results in the opposite phenotype, with cells failing to grow neurites (11) . Likewise, HuD KO mice show increased division of neuronal precursors but decreased neuronal differentiation (12) .
In oncogenesis and inflammatory disorders, post-transcriptional control by Hu proteins is deregulated to alter the stability of target genes. HuR can stabilize β-actin mRNA in HeLa cells, and depletion of HuR can deregulate β-actin stress fiber networks as well as cytoskeletal functions like cell adhesion, migration, and invasion (13) . HuD also regulates the nuclear processing/stability of N-myc pre-mRNA in neuroblastoma cells (14) .
Post-transcriptional events involving Hu proteins can be one regulatory mechanism for maintaining cell integrity, and alterations in the function of Hu proteins might be an important step for tumorigenesis and metastasis. In this sense, molecular interactions between Hu proteins and ARE-containing mRNAs can be targeted as cancer therapeutics. We have established a RNA electrophoretic mobility shift assay (EMSA) using non-radioactive probes to analyze HuC and AU-rich element interactions in vitro. In this study, we screened a chemical library to find inhibitors of HuC-ARE binding using RNA EMSA.
RESULTS
To find inhibitors of HuC:ARE interactions, we established a non-radioactive RNA EMSA method. As a component of RNA EMSA, an ARE-containing RNA probe was transcribed from an artificial ARE-containing template, pGEM-3Zf(+)-ARE (Fig. 1a) . The sequence for the transcribed RNA contains 5'-and 3'-flanking sequences from the vector, and biotin-labeled CTP was incorporated into these flanking regions (Fig. 1b) . The ARE region of the probes should have remained unaffected by biotin labeling, since this region contains no cytosine nucleotides. The biotin-labeled RNA probes were analyzed by agarose gel electrophoresis and transferred to a positively charged nylon membrane, and the location and presence of biotinylated RNA were checked by hybridization with horseradish perox-http://bmbreports.org The ARE was transcribed using the internal T7 promoter sequence in pGEM-3Zf(+), along with 3'-and 5'-flanking sequences within the vector. Biotin-labeled nucleotides were incorporated at cytosine sites, which are marked by arrows. An artificial ARE region was not be affected by biotin labeling. idase-conjugated streptavidin followed by detection of chemiluminescence. For RNA EMSA, the biotinylated RNA probe was incubated with glutathione-S-transferase (GST)-HuC proteins to detect the optimal concentrations of the probe and GST-HuC. As shown in Fig. 2 , HuC could bind to biotinylated ARE probes to reduce the migration speed of the bands. After optimizing the conditions for HuC:ARE binding, 52 chemicals were screened for their inhibitory effects against RNA binding of GST-HuC by RNA EMSA. Initially, the chemicals were tested at a concentration of 100 μM, and the chemicals that significantly reduced the shifted bands were selected as primary targets (Figs. 2a-2f) . To increase the sensitivity of screening, the amount of GST-HuC was adjusted such that the intensity ratio of shifted band to free probe would be approximately 1:5. By analyzing a condition with a relatively lower amount of protein, the inhibitory effects of the chemicals could be visualized at lower concentrations. From the first screening, 14 candidate chemicals were identified according to their inhibitory activity.
The inhibitory effect of the 14 chemicals was assessed at concentrations as low as 4 μM (Fig. 3) . Compounds A10 (quercetin), B4 (myricetin), B11 ((-)-epigallocatechin gallate; EGCG), C6 (ellagic acid), E9 ((-)-epicatechin gallate; ECG), and F3 (rhamnetin), which effectively inhibited RNA binding at 4 μM, were further evaluated to determine their IC50 values (Figs. 3a-3f ). These chemicals were serially diluted and added to the binding mixture to concentrations of 0.04-20 μM. Image analysis of the decreased shifted bands with increasing chemical concentrations allowed an approximation of the apparent IC50 of each chemical. At lower concentrations near 0.02 μM, the shifted bands were almost unaffected, and the average of their intensities was chosen as a reference value. IC50 was calculated by approximating the binding curve to a linear regression between the log of the chemical concentration and the log of the bound fraction. The IC50 values (μM) in a dose-dependent inhibitory activity assay for A10, B4, B11, C6, E9, and F3 were 1.8, 1.0, 0.2, 0.6, 0.2, and 1.2 respectively (Fig. 3) .
According to their IC50 values, quercetin, myricetin, (-)-epigallocatechin gallate, ellagic acid, (-)-epicatechin gallate, and rhamnetin were selected as candidate inhibitors of HuC:ARE binding (Fig. 4) based on their potent inhibition of RNA-binding of HuC. Interestingly, all of selected candidates are phytochemicals and known antioxidants or anti-inflammatory agents. A10, B4, and F3 are flavonols whose common chemical structure is quercetin. Myricetin and rhamnetin represent hydroxy-and methoxy-forms of quercetin, respectively. Although we tested other flavonoids among the 52 chemicals, http://bmbreports.org we could not find a similarly potent inhibitor among them, implicating these three chemicals as possessing true inhibitory specificity. ECG (E9) and EGCG (B11) are antioxidant polyphenol flavonoids isolated from green tea. Since these two chemicals are derivatives of catechin, we tested catechin, (-)-catechin, (-)-epicatechin, and (-)-epigallocatechin to confirm the specific inhibitory effect of the selected chemicals. As with the flavonoids, these other catechins had no inhibitory effect, with only ECG and EGCG obviating RNA binding of HuC.
DISCUSSION
The regulation of mRNA stability plays an important role in cellular homeostasis, while the deregulation of mRNA stability leads to pathological states like inflammation and cancer. Degradation of mRNA is tightly regulated by stabilizing/destabilizing factors that are in turn are controlled by external stimuli. Signaling pathways including the mitogen-activated protein kinase (MAPK) cascade, the AMP-activated kinase (AMPK), and the protein kinase C (PKC) family are involved in ARE-dependent mRNA decay. Modulation of these signaling pathways may provide targets for the development of new therapeutics to treat human diseases (17) . Alternatively, protein-RNA interactions can be directly targeted to correct the aberrant stability of mRNA related to tumorigenesis. Taxol or okadaic acid (OA) treatment of HL-60 cells reduces bcl-2 mRNA steady state levels through inactivation of bcl-2 mRNA stabilizing factors (18) .
In an effort to find inhibitors of HuC:ARE interactions, we presently screened a library of 52 chemicals. This identified 14 chemicals, over 25% of the total number screened, as potential inhibitors. The possibility of false positive results contributing to this unanticipated high number of potential compounds needs to be examined in more detail. Nonetheless, comparison of the structural relationships between the 14 chemicals clearly indicated that a wide range of related chemicals with slight modifications harbor similar activities in inhibiting RNA-protein interactions. Consistent with this, several fatty acids with significant similarity in their chemical structures display inhibitory effects against nucleic acid binding activity of proteins (19) .
Although biotin-modified nucleic acids can interfere with protein interactions (20) , this could be circumvented by incorporating labeled nucleotides into the flanking areas of AREs. This approach is similar to end-labeling by biotin in DNA EMSA, instead of using internal labeling. In cases when RNA binding motifs are identified, we could choose a nucleotide that appears less frequently in the binding motif to be labeled by biotin.
A potential concern of the present study is the specificity of the detection method. Since biotin-labeled nucleotides are detected by chemiluminescence reactions, chemicals may be interfering with the reaction to reduce the intensities of detected bands. Some of the screened chemicals were antioxidants, and there is a possibility that these chemicals interfered with the redox reactions carried out by horseradish peroxidase conjugated to streptavidin. However, because of their small size, nonspecific chemicals should be separated and washed off during the electrophoresis, transfer, and washing steps. Moreover, while the intensities of shifted bands were reduced, the intensities of free probe bands remained constant for these chemicals. Thus, we believe that the possibility of direct inter-http://bmbreports.org BMB reports ference of the chemiluminescence reaction by the chemicals was low. All four members of the Hu protein family contain three RNA recognition motifs, a highly conserved 80 amino acid region. These Hu protein motifs are highly conserved, but the amino-terminus and the basic domains between the second and third RNA recognition motif vary. Hu proteins prefer to bind to AREs of specific mRNAs (21) . We used HuC to screen the inhibitors of HuC:ARE interactions; HuC shares 82% and 54% protein sequence identity with the human neural autoantigen HuD and Drosophila ELAV protein, respectively. Although we need to check the inhibitory activity against all four Hu proteins, the selected chemicals might be able to inhibit ARE binding of Hu proteins.
In summary, screening for chemical inhibitors of RNA-protein interactions by non-radioisotope RNA EMSA represents a practical and efficient way to search for molecules that inhibit RNA binding by a specific protein. With some rigorous modifications, this method could be employed in developing target-specific drugs that modulate biological activities resulting from specific RNA-protein interactions.
MATERIALS AND METHODS

Plasmids and chemicals
The expression plasmid for GST-HuC (10) was a gift from Dr. Robert B. Darnell, Rockefeller University. The template plasmid for in vitro transcription of an artificial AU-rich elementcontaining probe, pGEM-3Zf(+)-ARE, was constructed by annealing two synthetic oligonucleotides followed by ligation into the EcoRI and BamHI restriction sites of the pGEM-3Zf(+) vector (Promega, Madison, WI, USA) using the oligonucleotides 5'-AATTGTTATTTATTTATTTATTC-3' (forward) and 5'-G ATCGAATAAATAAATAAATAAC-3' (reverse) (15) .
Chemical library
The prepared library was composed of chemicals selected from a library pool that comprised natural compounds that have been reported to be anti-inflammatory agents or anti-tumorigenic agents. From this chemical pool, we selected chemicals that had high membrane permeability, low toxicity, and suitable size for the RNA binding site of HuC protein. Finally, 52 chemicals were selected and purchased from Sigma-Aldrich (St. Louis, MO, USA). The stock solutions were prepared in dimethyl sulfoxide, and their concentrations were set to 10 mM. All stock solutions were stored at -20 o C before use.
Purification of GST-HuC
The GST-fused HuC protein was purified from the Escherichia coli BL21 host strain transformed with pGEX5T1-HuC as described previously (2, 10, 22) . The transformed bacteria were grown in 100 ml of 2X YTA media (16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, 100 μg/ml ampicillin) at 37 o C with shaking until the absorbance at 630 nm reached 0.4. Isopropyl-β-D-thiogalactoside was added to a final concentration of 0.1 mM and the culture was incubated for an additional 4 h. Cells were collected and washed twice in 1X TBS (50 mM Tris-HCl, pH 7.4 and 140 mM NaCl). After resuspension in 5 ml of ice-cold 1X TBS, cells were disrupted by sonication. Triton X-100 was added to a final concentration of 1%. The lysate was incubated for 30 min at 4°C and then centrifuged at 12,000X g for 10 min at 4°C. The supernatant was mixed with a 50 μl bed volume of Glutathione Sepharose FF (GE Biosciences, Buckinghamshire, UK), and was incubated for 1 h at room temperature with gentle agitation. Unbound protein was removed by washing three times with 1X TBS, and the bound fusion protein was then eluted using 50 μl of elution buffer (50 mM Tris-HCl, pH 8.0; 10 mM reduced glutathione; 0.1% Triton X-100).
In vitro transcription of ARE RNA probe
The ARE RNA probe was generated using the T7 promoter in the pGEM-3Zf(+)-ARE plasmid. The plasmid DNA was linearized and transcribed with a portion of CTP replaced by biotin-14-CTP (Invitrogen, Carlsbad, CA, USA) (16) . pGEM-3Zf(+)-ARE was digested by HindIII, and the linearized template was gel-purified. One microgram of template was used in the transcription reaction. The RNA probe was transcribed in a 20 μl reaction using the T7 MAXIscript kit (Ambion, San Antonio, TX, USA) according to the manufacturer's instructions. Transcribed probes were treated with DNase I for 15 min and ethanolprecipitated.
RNA EMSA
Biotin-labeled RNA probe (10 fg) was incubated with 50 nM of GST-HuC protein in binding buffer (100 mM NaCl; 50 mM Tris-HCl, pH 8.0; 5 μg/ml tRNA) for 30 min at 37 o C. Chemicals from the library were added and the total volume of the reaction was adjusted to 20 μl. After the incubation, the mixture was electrophoresed in a 1% agarose gel in 0.5X TBE and transferred to a positively charged nylon membrane. Signals on the blots from the transferred membrane were detected using a commercial chemiluminescence nucleic acid detection module (Pierce, Rockford, IL, USA) (23) .
